Cloud and precipitation data from satellites were used to characterize the climatological diurnal cycle of convective activity over South Asia. Spatial and temporal variability were investigated using three hourly blackbody brightness temperature (T BB ) data from the METEOSAT-5 during March-April-May (pre-monsoon) and June-July-August (summer monsoon) of 1999 -2000. We focused on three regions over South Asia: region A in the Himalayas, region B in north India and region C in the Bay of Bengal (BOB). The cloud cluster (CC) technique was used first to detect deep convection over north India during the summer monsoon when deep convection was less frequent; cloud cover frequency (CCF) was used to diagnose convection of a moderate depth. T BB thresholds of 219 and 235 K were used in the CC and CCF methods, respectively. Ten years of Tropical Rainfall Measuring Mission (TRMM) rainfall product (3B42) was analyzed as well to check the METEOSAT-5 findings.
InTRODuCTIOn
The terrain of South Asia constitutes a highland-lowland system ( Fig. 1 upper panel) that influences synoptic and mesoscale weather. The Himalayas and Tibetan plateau is a major highland feature, with steep slopes flanking the southern edge of the Himalayas. In contrast, north India is relatively low-lying. Widespread cloud and precipitation before and during the summer monsoon in this sub-continent has long been recognized (Webster and Yang 1992; Goswami 2000; Webster et al. 2002) . The summer monsoon precipitation is well-organized in space with the heaviest rainfall over regions in the Bay of Bengal (BOB), Arabian Sea, and southern slopes of the Himalayas (Adler et al. 2000; Xie et al. 2006) . The frequency of convection is modulated by a variety of phenomena including monsoon depressions, intraseasonal active-break phases and the local diurnal circulations such as land-sea breezes and mountainvalley winds.
Changes in deep convective activity on the diurnal time scale have been observed in many places around the globe (e.g., Yu et al. 2007 ). Among all observation platforms, satellites provide the widest geographical coverage. In particular, geostationary satellites provide the rapid temporal update cycle needed to capture the growth and decay of precipitating cloud systems on a scale of several kilometers and are suitable for sampling the diurnal cycle. Several observational studies (Fritsch et al. 1986; Hilgendorf and Johnson 1998) have shown that diurnal convection is organized in Mesoscale Convective Systems (MCSs) and produce heavy precipitation. Laing and Fritsch (1997) described MCSs development and convective activity at a global scale using International Satellite Cloud Climatology Project (ISCCP) data.
Diurnal variability and underlying mechanisms over the global tropics was discussed by Yang and Smith (2006) using Tropical Rainfall Measuring Mission (TRMM) satellite rainfall data. They suggested that heavy rainfall areas exhibit strong diurnal variations. There are also notable regional studies using satellite cloud data: e.g., in East Asia (e.g., Wang et al. 2004) , the Western Pacific warm pool (e.g., Mapes and Houze 1993) , and maritime continent (e.g., Short and Wallace 1980; Williams and Houze 1987; Kondo et al. 2006) .
As for data analysis techniques, for instance, Williams and investigated cloud systems using a cloud-tracking methodology that is also employed in this paper. Their technique was based on a minimum overlapping area between MCSs in successive images. Machado et al. (1998) concluded that area overlap technique works well for data having a 3-hour temporal resolution as well as for large convective systems. Kondo et al. (2006) was one of the first cloud-tracking studies that made combined use of the Geostationary Meteorological Satellite (GMS) cloud data and the Tropical Rainfall Measuring Mission (TRMM) precipitation data over the maritime continent to elucidate on evolution stages of cloud systems.
Many studies focused on characterizing convection over South Asia; a few of them relevant to this work are briefly described next. Kodama et al. (2005) reported maximum lightning activity over the east coast and north part of India during the pre-monsoon season. In this season, the most intense convection north of 28°N latitude was noted over the northwestern part of South Asia (Zipser et al. 2006) . Over the northeastern part of South Asia, deep intense convection in the form of isolated cells or as part of large MCSs was noted by Houze et al. (2007) .
During the summer monsoon season, most convective systems were of cumulus scale over the Himalayas but of mesoscale elsewhere in South Asia (Hirose and Nakamura 2005) . In the Himalayas, bimodal diurnal cycle of rainfall has been reported from limited ground-based and satellite observations (e.g., Ueno et al. 2001; Barros and Lang 2003; Bhatt and Nakamura 2006) . South of the Himalayas, a single afternoon convective maximum is observed (e.g., Gambheer and Bhat 2001; Nesbitt and Zipser 2003; Roy and Balling 2006) . In fact, Krishnamurti and Kishtawal (2000) noted that over north India, the diurnal circulation extends to almost continental scale. They found that the diurnal westward movement of MCSs in north India is favored by the existence of the Tibetan high and the tropical easterly jet. The origin of this westward movement lies over the BOB where Liu et al. (2008) reported distinctly multiscale convective organization. The MCSs there were found to be embedded in synoptic-scale monsoon depressions (Houze and Churchill 1987; Johnson 2009 ). Over the northwest side of BOB, Zuidema (2003) documented a high degree of con- shows the average land and sea surface temperature, i.e., "skin temperature," at 0600 LT (0000 UTC) during JJA 1994 -2000 computed from ECMWF 40-year reanalysis monthly mean data at 1.125° × 1.125° grid resolution. The 295 K contour (white) is also drawn.
(a) (b) vective activity with morning maximum in cloudiness in the summer monsoon season, land-sea contrast being important for the genesis of convection. The BOB summer monsoon depressions usually move northward or northwestward accompanied by the onshore transport of moist air (Houze and Churchill 1987) . The most relevant features of these depressions are enhanced winds, blocked by the Himalayas and substantial convective organization (Barros and Lang 2003) . The associated rainfall is distributed across three regional maxima centered separately in the BOB, north India and the southern slopes of the Himalayas (see Fig. 1b in Xie et al. 2006 )(Note that there are higher rainfall maxima further west, i.e., offshore of the Western Ghats, and further east, i.e., offshore of the Myanmar coast). The importance of the diurnal variability of convection in these heavy-rainfall centers was emphasized by Xie et al. (2006) . Heavy rainfall regions are also noted to exhibit strong diurnal variations in a global study by Yang and Smith (2006) .
The diurnal variability over the centers of heavy rainfall in the BOB, north India and the Himalayas has not been sufficiently researched and deserve further attention. Based on the TRMM observations reported by Xie et al. (2006) , three convective centers of interest are identified for this work: region A in the Himalayas; region B in north India and region C in the BOB to examine fine-scale variations of convective activity. The upper panel of Fig. 1 shows the three regions selected.
The objective of this study is to characterize the climatological diurnal cycle of moderate and deep convection over the three previously identified South Asian centers of heavy rainfall in the pre-monsoon and especially in the summer monsoon seasons. We use high spatial resolution infrared (IR) data denoting cloud fields from METEOSAT-5. As much work has already been done for certain aspects of the diurnal cycle in South Asia, this study also aims to demonstrate some of the more notable findings in the literature using the more recent METEOSAT-5 dataset. For South Asia, METEOSAT-5 centered at 63°E provides the best coverage among openly accessible datasets. Because we only had two years of METEOSAT data, we also performed a simple validation of METEOSAT-5 results with TRMM data from over ten years.
The paper is arranged in the following manner: section 2 describes the data and methods; sections 3 and 4 present results from METEOSAT-5 and TRMM, respectively; section 5 represents discussion; and section 6 is the summary of our key results.
DATA AnD METhOD
Two sets of satellite data were used. One was the TRMM rain product (3B42) available on 0.25° × 0.25° grid with a temporal resolution of 3 hours from 1999 to 2008. This product is from multiple satellite microwave and infrared measurements (Huffman et al. 2007 ). The other was METEOSAT-5 IR blackbody brightness temperature (T BB ) data available with a spatial resolution of 5 km and temporal resolution up to 1 hour for 1999 and 2000 but data at hand was limited to 0000, 0300, 0600, 0900, 1200, 1500, 1800, and 2100 Local Times (LT) to be comparable with the TRMM dataset. Local times used here are Universal Time Coordinate (UTC) + 6 hours. TRMM satellite is not in a sun-synchronous orbit. Long-term data accumulation is necessary to reconstruct the diurnal cycle for a fixed region on earth. In contrast, METEOSAT-5 is in geostationary orbit and so sampling is homogeneous. The chosen 3-hourly temporal resolution provides 8 data points over one day and is reasonably good for investigating the diurnal cycle. Phenomena at higher temporal resolution cannot be studied with the given data. Twelve months of data from both datasets were divided into two seasons: pre-monsoon season for March, April and May (MAM); and summer monsoon season for June, July and August (JJA).
Two methods were used to detect cloudiness. One utilized the cloud cluster (CC) technique while the other computed cloud cover frequency (CCF). In the CC technique, deep convective clouds were detected as patches of very low T BB . A CC was defined as a contiguous area larger than 2000 km 2 and with a T BB lower than 219 K. The cold cloud area threshold of 2000 km 2 is comparable with those used in Kondo et al. (2006) and Lensky and Rosenfeld (1997) . Bigger thresholds have been used in the literature such as when the tracking methodology required internal structures of cloud systems to be resolved: e.g., about 30000 km 2 (or effective radius of 100 km) in Machado et al. (1998) ; or when larger-scale convective organization is investigated: e.g., William and Houze (1987) used 30000 km 2 as a threshold to examine the influence of monsoon surges on larger cloud clusters. The cloud tracking procedure we adopted was similar to the one described by Williams and Houze (1987) . The technique for tracking a CC from one time to the next assumes that CC at a later time corresponds to those at an earlier time if their positions overlap sufficiently. There is no restriction on the shape of the system. A "time cluster" (TC) was defined as a temporal set of CC where the area of overlap between two CC in consecutive satellite images exceeds 50% of the area of union. TCs which touch a boundary of the analysis region at any time are not considered in our work.
To detect convective clouds using the CCF technique, it was assumed that a cloudy sky is not only cooler but also has more heterogeneous distribution of T BB than a clear sky. Heterogeneity at a pixel was estimated by computing the standard deviation (std) within the neighborhood of the pixel (i.e., 3 × 3 pixels inclusive of the central pixel itself) along the lines of the classical spatial coherence technique (Roca et al. 2002) . Thus, higher spatial resolution is neces-sary for this technique than for the CC technique. A pixel was classified as cloudy if T BB is less than 295 K and std is greater than 0.5 K in the neighborhood of the pixel. The cutoff of 295 K was applied as a filter to remove (inasmuch as possible) land surface contributions during clear-sky situations when computing the std. The choice of 295 K may not be conventional, but it is not unique in the literature: e.g., Fu et al. (2006) also defined a relatively high T BB cut-off of 300 K for cloudy sky conditions over east China. The crux is that for the monsoon season, even nighttime land surface temperature over the interior of India (including region B) is higher than 295 K, as evidenced by the lower panel in Fig. 1 which shows the average land and sea surface temperature at 0600 LT during JJA 1994 -2000 from the European Centre for Medium-Range Weather Forecasts (ECMWF) 40-year reanalysis dataset (Uppala et al. 2005) . Note that the CCF technique was applied only to the summer monsoon season in this paper.
After detecting pixel is determined as cloudy by the above criterion, a threshold of 235 K was used to distinguish convection of (at least) moderate depth (i.e., cloud tops reaching into the mid-troposphere) from shallow convection. T BB < 235 K usually indicates the occurrence of rain, according to Arkin and Meisner (1987) who developed the Geostationary Operational Environmental Satellite (GOES) Precipitation Index (GPI). Other thresholds of T BB have also been defined before in the literature for clouds associated with precipitation (e.g., Williams and Houze 1987; Machado et al. 1998; Roca et al. 2002) . Finally, CCF was computed in 10 km × 10 km grid boxes by taking the ratio of the frequency of occurrence of convection of at least moderate depth (T BB < 235 K) to the frequency of occurrence of cloudiness (T BB < 295 K and std > 0.5 K) in each box. Thus, the CCF defined here is the fractional contribution of convection of at least moderate depth to cloudiness. Clearly, this definition of CCF is not applicable for highlands such as region A where surface temperature is colder than 295 K.
Apart from satellite datasets, 500 hPa-wind data from the National Center for Environmental Prediction (NCEP) and National Center for Atmospheric Research (NCAR) Re-Analysis (NNRA) was used to provide the synoptic wind information (Kanamitsu et al. 2002) .
METEOSAT-5 RESulTS
As only 2 years of Meteosat-5 data was used in this study, it is important to first check that those two years are not exceptional with regard to inter-annual climatic variations in the region. Although during 1999/2000, global tropical circulations were under the influence of La Niña (Anyamba et al. 2002) , normal rainfall activity was noted during 1999 and 2000 monsoons over India and Nepal (Shrestha 2000; Lang and Barros 2002) . Rahman and Simon (2006) did not find significant differences in 1999 and 2000 monsoons over east Arabian Sea, while Bhatt and Nakamura (2005) observed similar spatial pattern of diurnal cycle of rainfall for these two years over South Asia (cf. their Fig. 4 in Bhatt and Nakamura 2005) . So, it is not unreasonable to combine these two years for a composite analysis of cloudiness.
Pre-Monsoon
The space-time variability of deep convective clouds during the pre-monsoon will be described first. We examined a real representation of the diurnal cycle of cloudiness without considering each CC's life span over South Asia in the three regions. Figure 2a shows the diurnal variation of the normalized number of CC over a day for the pre-monsoon season. The average number of CC in every 3-hour interval in local time has been normalized by the respective total number of CC in a day for each region so that the relative variation stands out. The peak occurrence of CC over region B and region A is in the mid-afternoon (1500 LT). This midafternoon peak is similar to that from cloud data analysis by Gambheer and Bhat (2001) although our study is centered on a smaller study area. This result also concurred with Bhatt and Nakamura (2006) that reported afternoon rainfall over the Himalayas. On the other hand, in region C, the maximum occurs in the early morning (0600 LT). Thus, the phase of the diurnal cycle differs greatly between land and sea. Note that in all three regions, small secondary peaks are seen at 0000 LT. Previous studies on diurnal variations (e.g., Bhatt and Nakamura 2006) didn't find such small secondary peaks in convective activity during the pre-monsoon season. This surprising finding is left for future study.
Next we examined the spatial distribution of CC during the pre-monsoon season. The spatial distribution of the number of CC in 0.5° × 0.5° grid boxes over the diurnal cycle is shown in Fig. 3 . The preferred region of CC occurrence is region B (cf. the ellipse in Fig. 3f ). The enhanced CC distribution over north India including region B is nearly oriented in a NE-SW direction. Minoura et al. (2003) noted enhanced static instability around the same area during premonsoon, Yamane and Hayashi (2006) also suggested large static instability and vertical wind shear over the dry-line region in north India. Hence, CC distribution could be related to static instability in the lower atmosphere. Note that there are also more CC over region A corresponding to the two peaks in the diurnal cycle (cf. elongated ellipses in Figs. 3a and f).
Summer Monsoon
It is well-known that the summer monsoon in South Asia is characterized by widespread cloudiness (Webster and Yang 1992; Webster et al. 2002; Houze et al. 2007) . Figure 2b shows the diurnal variation of the normalized number of CC over a day for the summer monsoon season. The peak appears earlier in this season at 1200 LT over region B, while the peak of region A remains at 1500 LT. The shift in the time of maximum convective activity from early afternoon in region B to late afternoon over region A may suggest a northward migration of deeply convecting MCSs. The afternoon rainfall maximum over the Indian subcontinent (inclusive of region B) has been noted by Roy and Balling (2006) . Afternoon convective activity over the Nepalese Himalayas (inclusive of region A) has been discussed in e.g., Ueno et al. (2001) , Kurosaki and Kimura (2002) , and Barros and Lang (2003) . It is remarkable that peak convective activity occurs at 0600 LT for region C during both the summer monsoon and the pre-monsoon. These results are in agreement with diurnal cycle studies by Ohsawa et al. (2001) , Yamamoto et al. (2008) and Zuidema (2003) over the BOB region, though Zuidema (2003) noted that some convective cloud clusters do move southward from the BOB.
The spatial distribution of CC during the summer monsoon is shown in Fig. 4 . In general, deep convective activity is weak during the summer monsoon and is centered over northwestern India. Over region B, late afternoon deep convection that is so prominent during the pre-monsoon is sparse during the summer monsoon (cf. ellipses in Figs. 3f  and 4f ). This notable result is in agreement with the shift in peak activity from 1500 to 1200 LT from pre-monsoon to monsoon season in Figs. 2a and b. 
Convection of Moderate Depth
To investigate convection of moderate depth during the summer monsoon, the CCF was computed with high-resolution data at 0.1° × 0.1°. Figure 5 shows the diurnal cycle of the horizontal distribution of the CCF during the summer (g) and (h) correspond to 0000, 0300, 0600, 0900, 1200, 1500, 1800 and 2100 LT respectively. In panels (a) and (f), the elongated ellipses highlight the convection over region A. Another ellipse in panel (f) shows convection over region B.
monsoon season. There is high a CCF over region B especially in the late afternoon (cf. ellipse in Fig. 5c ), despite the sparseness of deep convection in that region noted earlier. This denotes widespread convection of moderate depth.
bimodal Diurnal Cycle
Early morning convection was noted over region A in the distribution of CC (elongated ellipse in Fig. 4b ). Analysis of cloud and rainfall data by Ohsawa et al. (2001) and Barros and Lang (2003) also revealed a similar diurnal cycle in the summer monsoon season.
Two distinct peaks of deep convective activity are seen over region A in Fig. 2b : a primary peak at 1500 LT (midafternoon) and a secondary peak at 0300 LT (pre-dawn).
This bimodality is much stronger than was seen during premonsoon in Fig. 2a . Deep convection over the Himalayas during pre-dawn is reminiscent of that observed over the western United States (Wallace 1975; Carbone et al. 2002) and over Southeast Asia (Ohsawa et al. 2001) . To further investigate, the day is partitioned into two parts: before noon (0000 -1200 LT) and afternoon (1200 -2400 LT). Figure 6a shows the distributions of the normalized number of CC with the area of CC in JJA 1999 -2000. Normalization was carried out over the total number of CC regardless of area in a day. Most CC have area between 2000 and 5000 km 2 , but secondary maxima in the distributions are visible around 35000 -40000 km 2 . Figure 6b shows the impact of ambient wind shear on the normalized area covered by CC as a function of local (c) and (d) correspond to 0300, 0600, 1500, and 1800 LT respectively. In panel (c), the ellipse highlights the presence of convection of moderate depth over region B during late afternoon (cf. Fig. 4f ). Solid and dashed lines represent before and after noon distributions, respectively. The normalization is by the total number of CC in a day (i.e., before and after noon together). The scale in y-axis is logarithmic, which is chosen to highlight differences in two curves. (b) Diurnal cycle of the area covered by all CC normalized by the total area covered in a day in the region A. Dotted and solid lines correspond respectively to area-averaged daily mean zonal wind stronger and weaker than 10 m s -1 respectively at 500 hPa over the region A.
time in JJA 1999 -2000. Normalization was carried out over the total area covered by CC in a day. Using NNRA data, daily mean zonal wind at 500 hPa were averaged over the region A to represent the ambient wind shear (500 hPalevel is above the mountains). Zonal wind was chosen as the meridional component of wind was small. Daily means were taken because the diurnal variation of zonal wind is weak. A simple criterion was set: if the zonal wind is equal to or greater than 10 m s -1 , strong wind shear with respect to the ground is said to exist; the converse denotes weak wind shear. Days with weak and strong shear made up 56% and 44% of all days in JJA 1999 -2000 respectively. The phase of the diurnal cycle is similar under strong and weak wind shear. But the diurnal variation is much stronger under weak wind shear. Thus, weak mid-tropospheric wind tends to favor the occurrence of afternoon CC which are mostly of a size less than 10000 km 2 , i.e., at the mesoscale (Fig. 6a) . Bartels and Maddox (1991) suggested that the development of MCSs via the formation of mesovortices is helped by weak vertical shear and weak flow at midlevel.
life Cycle of Cloud Clusters
The lifetime of a TC is defined as the time of the last appearance minus the time of the first appearance of that TC. The temporal resolution of our METEOSAT-5 dataset causes the lifetime of a TC to be quantified in 3 hourly intervals. Figure 7 shows the frequency distribution of lifetimes of TC during JJA 1999 -2000. In all three regions, most TC live for 3 hours. There was no TC lasting for more than 9 hours. In reality, a cloud cluster may form within 3 hours before the first image that detects it and dissipates within 3 hours after the last image that detects it. So the actual lifetime of cloud clusters could be up to 6 hours longer than the estimates of TC lifetimes. However, this does not detract from the observation that region C has more TC that live longer than the other two regions. Figure 8 shows the times of initiation, attainment of maximum area and dissipation of TC for the three different regions during the summer monsoon. The times of initiation and dissipation were estimated respectively as the 3-hour (a) (b) interval just before the first and just after the last satellite image where the TC was detected. The time of attainment of maximum area is taken simply as the time of the satellite image in which the TC has the largest area, with a probable error margin of ±1.5 h. For the Himalayan region, TC form mostly in the early afternoon (1200 -1500 LT), attain their maximum area around 1500 LT and then dissipate by the early evening (1800 -2100 LT). In region B, initiations tend to occur in the early morning (0600 -0900 LT) but maximum area is only attained around noon (1200 LT) followed by dissipation in the early afternoon (1200 -1500 LT). The region C stands out among the three regions in that initiation, attainment of maximum area and dissipation all tend to take place before noon (around 0300 -0600, 0600, and 0900 -1200 LT respectively). Our study concurred with Zuidema (2003) with regard to the diurnal cycle over region C. The gradual delay in the preferred time of initiation, attainment of maximum area and dissipation northward from region C through region B to the region A is evident. While this is suggestive of a dominant northward migration of cloud clusters from regions C through B to A, Zuidema (2003) and others (e.g., Miyakawa and Satomura 2006) have noted that southward migration is also possible. 
TRMM RESulTS
Ten years of TRMM 3B42 rainfall data (1999 -2008) was analyzed. The findings have the statistical significance to establish the robustness of the same phenomena that was revealed in the shorter METEOSAT-5 dataset. Our TRMM results are also in agreement with rainfall diurnal cycle as shown by Krishnamurti and Kishtawal (2000) .
The strength of diurnal cycle was investigated using a normalized differential rainfall index (NDRI) as suggested by Yamamoto et al. (2008) .
Here, RR max is the peak rain rate and RR mean is the mean rain rate over a day in the climatology. This index shows the prominence of rain at the peak local time compared to the average. NDRI is not a good measure over arid regions as it tends to be large because RR mean is small. For regions of moderate and heavy rain, NDRI does generally indicate amplitude of diurnal variation. The spatial distribution of NDRI during MAM and JJA of 1999 -2008 is shown in Figs. 9a and b , respectively. Moderate to large NDRI over region C suggests relatively strong diurnal variations. Over regions A and B, the NDRI values are more variable. Figure 10 shows the diurnal variations of spatial pattern of averaged rainfall during 1999 -2008. It is expected that there is more rainfall activity in the summer monsoon than the pre-monsoon season over the sub-continent. Importantly, there is nighttime rainfall in addition to daytime MAM 1999 MAM -2008 respectively and (e), (f), (g) and (h) represent 0300, 0600, 1500, and 1800 LT during JJA 1999 -2008, respectively. In panel (e), the elongated ellipse highlights enhanced rainfall over the region A while the small ellipse shows the rainfall over region C starting in the early morning. In panel (g), the ellipse highlights the late afternoon rainfall over region B.
rainfall during the summer monsoon over region A that is weak during pre-monsoon (cf. Figs. 10a and e) . During the pre-monsoon season in region A, the low nighttime rainfall in the TRMM observations does not correspond with the high nighttime occurrence of CC noted earlier. One possible reason may be that while deep clouds occur frequently in the Himalayas during the pre-monsoon, they bring little rain. Such deep but little-precipitating clouds have also been noted in the Indian subcontinent by Zipser et al. (2006) . For the summer monsoon season, there is concentration of intense nighttime rainfall over the region A. The nighttime occurrence of CC, which could imply the likelihood of rain, is evident in the METEOSAT-5 data analysis (cf. elongated ellipses in Figs. 10e and 4b) . These results are consistent with spatial patterns of the diurnal cycle of precipitation observations in the region (Barros and Lang 2003; Bhatt and Nakamura 2005) . The number of CC noted by METE-OSAT-5 is lower in nighttime than daytime (cf. Fig. 6a ), there is a possibility that nocturnal CC precipitate more than daytime CC on average.
In region B, summer monsoon is distinguished from pre-monsoon by the characteristic intense afternoon rainfall (cf. the ellipse in Fig. 10g ). Our earlier METEOSAT-5 results indicated that this late afternoon rainfall comes mainly from convection of moderate depth rather than deep convection (cf. Figs. 4f and 5c ). There is intense rainfall over the region C during the summer monsoon season with widespread rainfall activity beginning in the early morning and persisting 9 hours or more, just as seen in the METEOSAT-5 results (cf. Fig. 7 and bottom row of Fig. 8 ).
DISCuSSIOn
In-depth examination into plausible explanations for the observations would be helped by data analysis from more observational platforms and by numerical modeling which are beyond the scope of this paper; the aim of this section is to bring out and discuss on possible reasons for the observed diurnal variations.
Over region A, there were many more small (2000 -5000 km 2 ) convective systems than big ones (30000 -50000 km 2 ) in the afternoon during the summer monsoon season. Our results agree with those of Hirose and Nakamura (2005) who identified afternoon cumulus scale convective systems in the same season in the Himalayas. Kurosaki and Kimura (2002) also observed predominant low-level clouds over the southern slopes of eastern Himalayas suggestive of smallscale local circulations. In a modeling study by Kuwagata et al. (2001) , thermally induced local circulations caused small cloud systems to form during daytime over a valley in the Tibetan Plateau. Thus, it is possible that sensible daytime heating in the boundary layer generates up-valley flows over the southern slopes of the Himalayas in region A. This would tend to set up single-cell circulations between upwind slopes and valley bottoms. Therefore, convective cells of cumulus scale are likely favored by the multiple ridgevalley topography in region A.
Nighttime convective activity was present over region A during the summer monsoon season, as already noted by some earlier studies (e.g., Barros and Lang 2003; Bhatt and Nakamura 2005; Hirose and Nakamura 2005) . This can be explained in the following manner: the surface winds over the southern slopes of the Himalayas switch from upslope during the day to downslope around midnight or early morning (Egger et al. 2000; Barros and Lang 2003) . The downslope flow is driven by radiative cooling of air above the elevated terrain. Confluence between the downslope flow and the prevailing southwesterly monsoon flow leads to increased nighttime convective activity (Barros and Lang 2003; Bhatt and Nakamura 2006) .
Diurnal variation was noted to be stronger for weak ambient wind shear at 500 hPa over region A during the summer monsoon season. Ambient wind shear over region A is probably related with the location of the subtropical jet. The ECMWF climatology of summer wind distribution at 500 hPa suggests that a subtropical westerly jet lies nearly at the northern edge within region A (not shown). Using NNRA data, Romatschke et al. (2010) suggested that at 500 hPa, the jet lies around the high Himalayas (approximately 29°N) during the summer monsoon. Ueno et al. (2008) further noted that there were frequent northward displacement of the subtropical jet in the summers of 1999 and 2000 studied in this paper. Thus, it is possible that the northward shift of the subtropical jet weakens the ambient wind shear in region A and provides favorable conditions for diurnal cloud activity. Using surface observations and NNRA data, Ueno et al. (2008) noted essentially the same phenomenon over the Khumbu region (near Mt. Everest base camp) in the eastern Himalayas.
Over region B, CC analysis demonstrated that deep convection was less frequent in the summer monsoon season, while CCF analysis revealed that a significant contribution to cloudiness came from convection of moderate depth. Houze et al. (2007) remarked that stratiform rainfall is responsible for most of the monsoon precipitation over South Asia. The stratiform rainfall comes from the long-lived decaying phase of convection that is associated with monsoon depressions originating in the BOB. Radar echoes of this stratiform rainfall are small in horizontal extent and not very tall (Houze et al. 2007 ) and so are consistent with the convection of moderate depth that is detected in this work.
In the pre-monsoon season, deep convection occurs with the highest frequency over region B as revealed from our CC analysis. Kodama et al. (2005) reported maximum lightning activity (a proxy of deep convection) over north India including region B. Romatschke et al. (2010) also reported high probability of radar rain echo occurrence in the same domain. The enhanced deep convection there is most probably due to the dry-line over north India as noted in Weston (1972) . He suggested that dry warm continental air caps the low-level moist air and this juxtaposition favors convection. Yamane and Hayashi (2006) also suggested that the large static instability and vertical wind shear over the South Asian dry-line region help force thunderstorms. It is suggested that dry-line convective processes take place in the afternoon leading to deep convective development over region B.
During the summer monsoon season, morning maximum in convective activity was observed over region C. This morning maximum is similar to that previously noted by Ohsawa et al. (2001) , Zuidema (2003) , Hirose and Nakamura (2005) , and Yamamoto et al. (2008) . The morning land breeze reinforced by the synoptic southwesterly flow over India probably moves convection offshore from eastern coast of India to the BOB. In the BOB, convergence of the land breeze with the southeasterly monsoon flow further enhanced convection, as speculated by Zuidema (2003) .
Over region C, more TC survived beyond 3 hours in the summer monsoon season. Long-lived TC over the BOB region has already been noted by Zuidema (2003) before. In nearby Bangladesh, analysis by Rafiuddin et al. (2010) also found more long-lived (> 3 h) MCSs. Thus, there seems at least some similarity between the observed lifetimes of TC between the BOB and Bangladesh and so the reason behind long-lived TC in region C is unlikely unique to the sea surface boundary condition per se. While the real reason remains elusive, it is speculated from mesoscale dynamics theory (Houze 1993 ) that southerly monsoon flow from the BOB into Bangladesh may provide the appropriate low-level wind shear to organize and sustain long-lived mesoscale convection in region C.
A gradual delay in the preferred time of initiation, attainment of maximum area and dissipation of TC northward from region C through region B to region A was noted. Whether this delay is representative of a progression through the entire South Asia domain and if so, what causes it, are unclear at this time.
SuMMARy
The climatological features of the diurnal cycle and spatial variability of cloudiness were investigated over South Asia using data from the METEOSAT-5 during March -May and June -August of 1999 and 2000. Analysis of ten years of TRMM rainfall product (3B42) was performed to enhance the confidence in 2-year METEOSAT-5 results. Two methods were used to detect cloudiness: one method counted cloud clusters (CC) and utilized cloud tracking technique to identify "time clusters" (TC); and the other method computed cloud cover frequency (CCF). CC was defined as a contiguous area of pixels with T BB lower than the threshold of 219 K. The CCF was derived using 235 K as the threshold.
Three convective centers of interest were investigated: region A in the Himalayas; region B in north India and region C in the Bay of Bengal (BOB). For pre-monsoon season, the preferred region of occurrence of CC was over region B. In the pre-monsoon season, there are many CC over region B and region A in the mid-afternoon (1500 LT). In the summer monsoon season, the peak occurrence of CC appears around 1200 LT over the region B and still around 1500 LT over the region A. For region C, CC is most numerous around 0600 LT in both seasons, showing clear contrast with the other two land regions.
The life cycle of cloud clusters during summer monsoon is worthy of note. Statistically speaking, there is a gradual delay in the preferred time of initiation, attainment of maximum area and dissipation as one progresses northward from regions C through B to A. More clusters survive for longer than 3 hours in region C as compared to the other two regions.
Analysis of TRMM data generally confirmed the diurnal variations in METEOSAT-5 data. There is good agreement between the space-time variability of cloudiness and rainfall with only one exception: the morning peak in cloudiness in region A during the pre-monsoon season is associated with little rain.
The underlying forcing mechanisms are expected to differ over the three regions and have been discussed in the last section. Over region A, sensible heating can account for daytime convective activity while radiative cooling could be triggering the nighttime convective activity. Convective activity over region B can be explained by the dry-line mechanism which in essence is the capping of low-level moist air by warm dry continental air. The convergence of the land breeze with the southeasterly monsoon flow is a likely reason for convective activity over the region C.
The observational analyses such as presented here cannot actually unravel the mechanisms of mesoscale processes. Higher spatial and temporal resolution meteorological data would be required to evaluate these mechanisms. The 2-year period is not long enough for robust data statistics and demands further study of METEOSAT-5 data to verify the results.
